1. Introduction {#s0005}
===============

Plant roots can be associated with a variety of endosymbiotic microbes including mycorrhizal fungi, rhizosphere bacteria and endophyte microorganisms [@bb0005]. Root-associated endophytic fungi commonly occur in angiosperms and a high rate of colonization has been described for different plants and environments [@bb0010], [@bb0015], [@bb0020], [@bb0025], [@bb0030]. Non-clavicipitaceous endophytes associated with plant roots involve different groups of fungi, including the 'class II endophytes' and the 'dark septate endophytes' (DSE) [@bb0035]. These groups differ in ecological aspects, such as host colonization patterns, mechanism of transmission and biodiversity levels [@bb0035], but both are capable of extensive tissue colonization and appear to be of particular relevance for plant survival in stress habitats [@bb0040], [@bb0045], [@bb0025], [@bb0050]. Although the study of endophytic fungal communities in plants has gained attention in recent years, little is known about the diversity and composition of endophytic fungi associated with agricultural crops [@bb0055], [@bb0060].

Desert habitats represent one of the most challenging environments for the growth of plants [@bb0065], whose distribution and diversity are restricted by environmental stresses, including low water availability and high temperatures, salinity and irradiance. The Atacama Desert of Northern Chile is considered to be one of the driest regions of the world [@bb0070]. It is a severe environment for plant growth due to its high salinity, low temperatures and drought. The pseudo-cereal *Chenopodium quinoa* is a native crop well-adapted to the harsh climatic conditions of the Atacama Desert. Quinoa is an important food source in the Andean region since 3000 BCE [@bb0075]. Recently, this crop plant has gained attention due to its high nutritional value, being considered an important crop with the potential of contributing to food security worldwide [@bb0080].

The goal of this study was to investigate the fungal endophyte community associated with the roots of *C*. *quinoa* growing near the Salt Lake of the Atacama Desert, Chile. We isolated and identified root-associated endophytic fungi of *C*. *quinoa* plants by the amplification of the internal transcribed spacer (ITS) region of fungus genomic DNA. This study is the first research performed in Chile that provides data on the relationship between *C*. *quinoa* and its endosymbiotic microbes.

2. Methods {#s0010}
==========

2.1. Studied species {#s0015}
--------------------

*C*. *quinoa* Willd. (Amaranthaceae) is a gynomonoecious annual plant with an erect stem. It bears alternate leaves that are variously coloured due to the presence of betacyanins. The inflorescence is a panicle, 15--70 cm in length, rising from the top of the plant and from the axils of lower leaves [@bb0085]. Quinoa is mainly cultivated in the Andean highlands and lowlands of Bolivia, Peru, Chile and Argentina. Root samples were collected from the plants of *C*. *quinoa* growing close to the Village of Socaire (23°36′00′′ S and 67°50′60′′ W), situated 3.500 m above sea level, 50 km East of the Salt Lake of the Atacama Desert. The climate is characterized as extreme arid [@bb0065]. Daily temperatures range from a maximal average of 24.5 °C to a minimum average of 7.1 °C and the mean annual precipitation is 18 mm [@bb0090].

2.2. Isolation of fungal endophytes {#s0020}
-----------------------------------

Six plants of *C*. *quinoa* were randomly selected for root collection in March 2015. Plant roots without visible damage were collected. Primary and secondary roots were washed under running tap water to remove soil debris and then surface-sterilized with ethanol (70%) for 3 min, sodium hypochlorite (1%) for 1 min, followed by three rinses in sterile distilled water for 3 min each. The success of surface sterilization was confirmed by the absence of any microbial growth from the water-wash on PDA plates (potato-dextrose-agar, Phyto Technology Laboratories). Small sections of sterilized roots (0.5--1.0 cm) were subsequently cultivated on PDA petri dishes plates. Plates were then incubated at room temperature for 3--4 weeks. After that time, emerging colonies were subcultured to obtain pure isolates. Fungal isolates were first grouped according to similar morphological characteristics. From those fungi that belonged to the same genus, only three pure isolates were considered for DNA extraction. Pure isolates were grown on PDA plates at room temperature for one month before DNA extraction and molecular identification.

2.3. Molecular characterization of endophytes {#s0025}
---------------------------------------------

Genomic DNA was extracted from the mycelial mat of 45 pure isolates using the method described by Nicholson [@bb0095] with slight modifications. Species identification of endophytic fungi was performed using the primers ITS1-F-KYO1 (CTHGGTCATTTAGAGGAASTAA) and ITS4 (TCCTCCGCTTATTGATATGC). Amplification of the ITS regions (around 680 kbp) was conducted with 50 mL of PCR reaction mixtures, each containing 7 μL of total fungal genomic DNA, 1 μL of each primer (10 μM), 27.5 μL of SapphireAmp Fast PCR Master Mix (Takara) and 13.5 μL of sterilized water. PCR was performed in a Techne TC-5000 Thermal Cycler (Fisher Scientific) with the following program: 94 °C for 3 min, followed by 35 cycles of denaturation at 94 °C for 1 min, annealing at 54 °C for 30 s and primer extension at 72 °C for 1 min, completed with a final extension at 72 °C for 7 min. PCR products were sent to Macrogen (South Korea) for purification and sequencing. Sequences were assembled using SeqTrace software. Consensus sequences were used for BLAST search at the NCBI (<http://www.ncbi.nlm.nih.gov>).

Sequences alignments and phylogenetic tree were constructed by using MEGA software, version 7.0 [@bb0100]. Alignments were performed with ClustalW [@bb0105], DNA weight matrix ClustaW 1.6 and default parameters. Phylogenetic reconstruction was performed by using neighbor-joining method [@bb0110], with p-distance substitution model and bootstrapping of 1000. Additional 18S rRNA sequences for the different genera were retrieved from NCBI.

3. Results {#s0030}
==========

All six plants of *C*. *quinoa* screened in this study were associated with endophytic fungi in their roots. Molecular data revealed that *C*. *quinoa* roots were colonized by a diverse fungal community ([Fig. 1](#f0005){ref-type="fig"}). A total of 100 fungal isolates were purified into individual cultures, with a total species richness of 21 OTUs ([Table 1](#t0005){ref-type="table"}).

The Simpson diversity index (range from 0 to 1, with 1 representing a higher sample diversity) was 0.83, suggesting a relatively high diversity of endophytic fungi associated with roots of *C*. *quinoa*. The fungal root-endophyte community was mainly dominated by the genus *Penicillium* that accounted for 59% of the total culturable community. *Fusarium* and *Phoma* occurred at frequencies lower than 15%; whereas other genera were found in rare instances, with frequencies between 1% and 5% ([Fig. 1](#f0005){ref-type="fig"}).

The phylogenetic tree ([Fig. 2](#f0010){ref-type="fig"}) showed eleven clades representing different genera as follows: *Phoma, Alternaria, Rhinocladiella, Cadophora, Penicillium, Bartalinia, Coniochaeta, Neonectria, Fusarium, Sarocladium,* and *Plectosphaerella*. The first clade contained ten sequences, which cluster with sequences from *Phoma* genera obtained from NCBI (ID: [KF367492](ncbi-n:KF367492){#ir0040}, [KF367493](ncbi-n:KF367493){#ir0045}, and KT989566) at 94% of bootstrap. The second clade was comprised by the genus *Alternaria*, which contains seven endophyte sequences, grouped with 93% of bootstrap to sequences from *A*. *alternata and Alternaria* sp. obtained from NCBI (ID: LC131449, LC131448, and GU584948). The third clade contained one endophyte sequence that grouped with 100% bootstrap to *Rhinoclaediella* sequences obtained from NCBI (ID: [KF811429](ncbi-n:KF811429){#ir0050}, [HE608796](ncbi-n:HE608796){#ir0055}, and [KC254071](ncbi-n:KC254071){#ir0060}). Following, we observed one endophyte that grouped with 100% bootstrapping to *Cadophora malorum* sequences retrieved form NCBI (ID: [HM589226](ncbi-n:HM589226){#ir0065}, [KF646089](ncbi-n:KF646089){#ir0070}, and [JQ796752](ncbi-n:JQ796752){#ir0075}). In the *Penicillium* clade, we clearly observed two sub-clades. The first sub-clade contained sequences with 100% bootstrapping to the NCBI *P*. *murcianum* sequence (ID: NR138358). The second sub-clade showed 96% bootstrapping to the *P*. *minioluteum* sequence (ID: EU833222). Another clade contained one endophyte sequence that grouped with *Bartalinea robillardoides* sequences obtained from NCBI with 100% bootstrapping (ID: FR822822, KT269525, and NR126145). The next clade comprises sequences belonging to the *Coniochaeta* genera obtained from NCBI (ID: [KF367558](ncbi-n:KF367558){#ir0080}, [KF367565](ncbi-n:KF367565){#ir0085}, and [KF367562](ncbi-n:KF367562){#ir0090}) and one endophyte, with a 100% of bootstrapping. The next clade contained one endophyte that grouped with 99% bootstrapping to *Neonectria* sequences obtained from NCBI (ID: [GQ131876](ncbi-n:GQ131876){#ir0095}, [GQ131875](ncbi-n:GQ131875){#ir0100}, and [FR877539](ncbi-n:FR877539){#ir0105}). The following clade was divided in two sub-clades, one of them containing four endophyte sequences that grouped to *Fusarium oxysporum* sequences retrieved from NCBI (ID: [EU839369](ncbi-n:EU839369){#ir0110}, KU872840) with 95% of bootstrapping, which allows to classify the endophyte in this species. The second sub-clade comprised seven endophyte sequences, which were grouped with 98% bootstrapping to *Fusarium* sp. sequences obtained from NCBI (ID: [KF727426](ncbi-n:KF727426){#ir0115}, KU516466, and KT268939). The last two clades showed 100% of bootstrapping. One of them contained one endophyte sequence grouped to *Sarocladium* sp. sequences retrieved from NCBI (ID: [KF269096](ncbi-n:KF269096){#ir0120}, KP968451, and KP968441). The last clade comprised one endophyte sequence, and *Plectosphaerella cucumerina* sequences obtained from NCBI (ID: KU555990, KU350731, and KU350698), allowing classification of the endophyte to species level.

4. Discussion {#s0035}
=============

All OTUs described in this study belong to the Ascomycota, which usually is the predominant root-colonizing fungal group [@bb0115], [@bb0120]. These data support earlier findings showing that root-associated fungal community is diverse for many plant species [@bb0125], [@bb0130], [@bb0025], nevertheless, only a few species dominate the community [@bb0135], [@bb0025]. Even though the taxonomical classification of DSE has not been well defined yet [@bb0035], *Penicillium*, *Phoma* and *Fusarium*, which are the most abundant fungi occurring in *C*. *quinoa* roots, have been described as class II endophytes [@bb0035]. Further microscopic analysis is required to thoroughly investigate the presence of DSE in roots of *C*. *quinoa*.

In desert environments fungal endophyte communities usually appear to be diverse [@bb0025], [@bb0120]. It has been proposed that heterogeneous conditions of desert ecosystems may be responsible for the high diversity of fungal communities in these habitats [@bb0140], [@bb0145]. Considering the increase evidence showing that fungal endophytes improve tolerance to drought conditions [@bb0150], [@bb0155], [@bb0160], association of quinoa plants with an array of fungi might be of crucial importance for its survival under the extreme environmental conditions of the Atacama Desert.

Sequencing of the amplified endophyte ITS regions allowed the identification of all the isolates to the genus level, and in several cases enabled us to assign the species classification based on nucleotides conservation. Examples are the sequence Q1 that had a 99% of identity to NCBI sequence ID KX355190, classified as *Alternaria alternata,* and sequence Q3104 that had 100% match to the NCBI *Fusarium acuminatum* ID KR051403.

The dominant fungal genera detected in quinoa roots (*Penicillium*, *Phoma* and *Fusarium*) have previously been found as root inhabitants in several plant species [@bb0165], [@bb0130], [@bb0170], and seem to play positive roles in plant tolerance to abiotic stress and plant growth. For example, plant association with *Penicillium* endophytes can help plants to resist salinity stress and to improve plant growth [@bb0165]. Similarly, *Phoma* spp. are common root endophytes which are able to confer fitness benefits to plants [@bb0130], [@bb0170]. Previous investigations in Andean *C*. *quinoa* have demonstrated the presence of bacterial endophytes associated with this pseudo-cereal [@bb0175], [@bb0180]. A recent study of Pitzschke [@bb0180] showed that 100% of quinoa seeds are inhabited by diverse members of the bacterial genus *Bacillus*, which are likely to induce a naturally primed state in quinoa plants, enabling them to overcome extreme environmental situations. In contrast to this apparently high bacterial colonization inside of quinoa tissues, another study on fungal root symbionts in roots of Bolivian Andean quinoa plants revealed that fungal endophyte presence was negligible [@bb0185]. The present study is the first report on the fungal endophyte community present in Chilean quinoa variety. It highlights the importance of considering root-endophytic fungi as a new additional player, together with endophytic bacteria [@bb0180], which promote quinoa\'s resistance to high-stress environmental conditions.

In Chile, there is a lack of information about endophytic fungi associated with plant roots [@bb0185], and about the potential benefits that endophytic fungi can provide to their host plants. Quinoa is well adapted to severe environmental conditions, including extreme aridity [@bb0190], low temperatures [@bb0195], [@bb0200] and high salinity [@bb0205]. Further experimental studies are required to elucidate the effects of root endophytic fungi on plant tolerance of *C*. *quinoa* to high-stress environmental conditions.

5. Conclusion {#s0040}
=============

Data here showed a relatively high diversity of endophytic fungi associated with roots of *C*. *quinoa*. The fungal community was dominated by only three fungal genera: *Penicillium*, *Phoma* and *Fusarium*, which are common endophytes reported in plant roots. This study provided information that roots of *C*. *quinoa* harbor a diverse group of endophytic fungi, which might play potential roles on plant host tolerance to stressful conditions.
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![Frequency of endophytes taxa isolated from healthy roots of plants of *Chenopodium quinoa* growing in the Atacama Desert.](gr1){#f0005}

![Neighbor Joining (NJ) tree showed phylogenetic relationship between 45 sequences of endophytic fungi from Ascomycota phylum, based on the ITS rDNA sequences. NCBI sequences were added for showing clades. Bootstrap 1000, values are shown at the branch nodes.](gr2){#f0010}

###### 

Best BLAST matches for isolated fungal endophyte OTUs collected from roots of *Chenopodium quinoa* in the Atacama Desert.

Table 1

  Phylum       Order             Description                    Accession                                Identity
  ------------ ----------------- ------------------------------ ---------------------------------------- ----------
  Ascomycota   Pleosporales      *Alternaria alternata*         KX355190.1                               99
  Ascomycota   Pleosporales      *Alternaria sp*.               KR094462.1                               100
  Ascomycota   Xylariales        *Bartalinia robillardoides*    NR_126145.2                              99
  Ascomycota   Undefined         *Cadophora malorum*            [JQ796752](ncbi-n:JQ796752){#ir0005}.1   99
  Ascomycota   Coniochaetales    *Coniochaeta sp*.              [KF367565](ncbi-n:KF367565){#ir0010}.1   99
  Ascomycota   Pleosporales      *Embellisia sp*.               JN859373.1                               99
  Ascomycota   Hypocreales       *Fusarium acuminatum*          KR051403.1                               100
  Ascomycota   Hypocreales       *Fusarium avenaceum*           KT963799.1                               100
  Ascomycota   Hypocreales       *Fusarium oxysporum*           KU059956.1                               99
  Ascomicota   Hypocreales       *Fusarium sambucinum*          KM231813.1                               98
  Ascomycota   Hypocreales       *Fusarium sp*.                 [KF727426](ncbi-n:KF727426){#ir0015}.1   99
  Ascomicota   Hypocreales       *Fusarium tricinctum*          KF913341.1                               99
  Ascomycota   Hypocreales       *Neonectria macrodidyma*       [FR877539](ncbi-n:FR877539){#ir0020}.1   99
  Ascomycota   Eurotiales        *Penicillium brevicompactum*   LT558911.1                               99
  Ascomycota   Eurotiales        *Penicillium minioluteum*      JF910284.1                               94
  Ascomycota   Eurotiales        *Penicillium murcianum*        NR_138358.1                              99
  Ascomycota   Eurotiales        *Penicillium sp*.              HQ631007.1                               99
  Ascomycota   Pleosporales      *Phoma sp*.                    [KF367493](ncbi-n:KF367493){#ir0025}.1   99
  Ascomycota   Glomerellales     *Plectosphaerella sp*.         KU555990.1                               85
  Ascomycota   Chaetothyriales   *Rhinocladiella similis*       KP132562.1                               98
  Ascomycota   Hypocreales       *Sarocladium spinificis*       [KF269096](ncbi-n:KF269096){#ir0030}.1   98
